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GENERAL INTRODUCTION 
Even though mun^ean sprouts have become a popular vegetable In the 
American diet over the last 10 years, high-quality sprouts are not avail­
able on a routine basis. One major problem facing the sprouting Industry 
Is the physiological disorder called hypocotyl-hook transiucency. The 
first indication of this disorder is the development of water-soaked le­
sions and a watery exudate on the hypocotyl-hook. Subsequently, the le­
sions become translucent, and, eventually, the hypocotyl hook collapses. 
This severely reduces the market qualify of the sprouts, because secondary 
pathogens attack tlw sprouts and cause them to become inedible. There is a 
need to identify the nature of this disorder so that sprouts can be pro­
duced and shipped without a loss in quality. 
Often, commercially available sprouts have long, thin hypocotyls and 
long roots. Such characteristics are typical of seedlings grown in the 
dark, but these characteristics make the sprouts undesirable to the con­
sumer. The main selection criteria for mungbean sprouts are the proper 
length of the hypocotyl (50 to 60 BP), short roots (less than 20 to 30 mm), 
a desirable hypocotyl diameter (greater than 3 mm), and a suitable fresh 
weight. Knowledge (wrtaining to sprout growth, as measured by hypocotyl 
length, root length, hypocotyl diameter, and fresh weight as a function of 
time, would expedite improvements in mungbean sprout production. In addi­
tion, knowledge of the respiratory activity and ethylene (CzH») production 
rate of the sprouts (hiring seedling growth and development would be useful. 
Unfortunately, most of the research on mungbean sprout production made lit­
tle or no attempt to establish these growth parameters. 
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The production of short, stout» large-diameter hypocotyls and short 
roots possibly could be achieved through the application of suitable con­
centrations of ethephon, 2,4-D. or analogs of 2,4-D. These growth sub­
stances cause a "swelling" or Increase In the diameter of the hypocotyl 
of mai\y species, and many studies have shown that this response Is due to 
CgH„. The use of gas rather than these CjHu-releasIng and CaH»-1n-
duclng compounds would make the sprouts safer for human consumption. Thus, 
C%H% potentially could be a very valuable material In the production of 
high-quality mungbean sprouts because of Its growth-regulating character­
istics. 
The productif of high-qwlIty sprouts also ccwld be obtained through 
the regulation of the resplratoiry rate of the seedlings. This possibly 
could be achieved by Increasing the CO: concentration and/or decreasing the 
Oz concentration In the atmosphere In which the sprmits are produced. As 
such, the establishment of a controlled atmosphere system Into Wilch CzH» 
can be introduced weds to be Investigated. 
The overall objective of this research was to develop techniques that 
would allow the pnxWtion of higher-qual ity sprouts than are being produced 
now. Within this overall objective, the specific (Ajectives of this re­
search were: 1) to identify the nature and cause of the hypocotyl-hook dis­
order and to develop a treatment that reduces or controls it; 2) to study 
the growth patterns, respiratory activity, production rate, and the 
effects of endogenous CO; and CgH» on the growth of mungbean sprouts; and 
3) to investigate the growth responses of mungbean sprouts to varying con­
centrations of COz, Oz, and CzH» in a continuous, flow-through system. 
3 
Each of these objectives Is presented in a separate paper written in 
Journal form. The author was the sole contributor to the work accomplished 
in each section of this dissertation» except for editing the papers. 
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SECTION 1. THE CALCIUM REQUIREMENTS OF MUNGBEAN 
(VIGNA RADIATA (I.) WILCZEK) SPROUTS 
DURING GERMINATION 
5 
INTRODUCTION 
Mtingbean sprouts develop hypocotyl-hook transiucency, a physiological 
disorder that causes a rapid deterioration of the sprout. Eventually, this 
transiucency reduces the market quality of the sprouts. Symptoms that lead 
to this transiucency normally are observed as early as the third day of 
growth, and they become more prominent by the end of the five-day growth 
period. Mater-soaked lesions, with a watery exudate, first appear on the 
hypocotyl hook. The ^pocotyl hook then becomes translucent, and, even­
tually, the sprout collapses. The nature of the symptoms suggests that It 
could be due to a pre- or post-emergent seedling disease caused by either 
a bacterial or fungal organism. Also, it is possible that the transiucency 
is diw to a nutrient deficient. 
Studies have shown that hypocotyl-hook transiucency and hypocotyl 
necrosis of dark-grown seedlings of Phaseotuê vutgaris IP. aureus I., 
and Vigna êtnensis Endl. was due to calcium deficiency (4, 5, 12). In­
creased levels of calcim supplied to the external nutrient solution re­
duced the incidence of these disorders (11, 12). In addition, hypocotyl 
collar rot of P. vulgaris was controlled %Aen the germination towels were 
treated with calciwn chloride solution (14). It is believed that calcium 
is leached from seeds (Wring the imbibition process and that the calcim 
in the external nutrient medium should be replenished so that an equilib­
rium for ion absorption is maintained (3, 11). In addition, calcium is 
essential for the formation and maintenance of cell-membrane systems and 
for the functional integrity of cell walls and cell membraiuts (10). Fi­
nally, Helms studied the effect of calcium on hypocotyl-hook transiucency 
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of P. aureus. This research, however, was conducted on an unknown variety 
and used a small sample size (5). Thus, a more detailed Investigation Is 
needed to Identify the cause of this hypocotyl-hook transiucency. The ob­
jectives of this research were: 1) to Identify the nature and cause of 
this physiological disorder; and 2) to develop a treatment that reduces 
Its Incidence. 
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MATERIALS AND METHODS 
Seeds from four cuUlvars of mungbean {Vtgna radlata (L.) Nllczek cv. 
Berken, Jumbo* Lincoln and Oriental) were used. They were obtained from 
the Great American Seed Comapi\y» Inc., Hennessey, OK. 
Fifteen seeds of each of the four cuUlvars were sprouted In 250-m1 
Erienmeyer flasks. The bottom of each flask was lined with two 7-cm No. 1 
Whatman filter paper discs. Ten ml of half-strength Koagland*s solution 
with calclun, half-strength Hoagland's solution without calcium, or de-
mineral Ized water were added to each flask (7). The flasks and their con­
tents (excluding the seeds) were autoclaved and then cooled for two hours 
before use. Seeds were surface sterilized with 10% chlorox* bleach for 
ten minutes, rinsed thoroughly with domineraiIzed water, and then sown In 
the flasks. Seeds were sown under sterile conditions In a laminar-flow 
hood, and, after sowing, each of the flasks was fitted with a sterile foam 
plug. Flasks were kept In a growth chamber In the dark at 25±1 C. After 
the five-day growth cycle, sprouts were harvested for ratings on the Inci­
dence of hypocotyl-hook transiucency, elemental analysis of the affected 
region of the hypocotyl, and isolation and culture of the affected region. 
At harvest, sprouts were counted and examined for determination of 
the percentage of affected (transitent) hypocotyl s. Sections (1 to 2 mm 
long) from affected hypocotyls were surface sterilized in 5% chlorox® 
bleach for 3 minutes and thoroughly rinsed with sterile, distilled water. 
Five sections of each cultivar were plated individually on potato dextrose 
agar and incubated for 2 weeks at 25±1 C. Each cultivar was replicated 3 
times. 
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Representative samples of affected and normal sprouts were cut Into 
four parts: 1) cotyledons; 2) hypocotyl hooks (15 mn of hiypocotyl that ex­
tends baslpetally from the cotyledons; 3) reminder of the Kypocotyl; and 
4) the root. Samples of affected and normal sprouts and seeds of each of 
the four cultlvars were rinsed with domineraiIzed water and oven-dried at 
70 C for 48 hours. Subsequently» dried samples were ashed and analyzed for 
calcium, magnesium, and potassium, using a Perkln-Elmer 403 Atomic Absorp­
tion Spectrophotometer. 
'Berken' and 'Oriental' exhibited the highest Incidence of translucen-
cy, and thty were evaluated further for their response to several levels of 
calcium added to the growth medium. Two sources of calcium, Ca(NO;)2'4HzO 
and CaClz'GHzO, were used. Calcium was applied at 0, 15, 25. 35, 45, 55, 
75, lOO, and 200 mg/11ter as calcium. The number of translucent hypocotyl 
hooks was recorded on the fifth day of the growth cycle. 
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RESULTS 
Affected sprouts developed a grey to brownish transiucency at the 
Hypocotyl hook (Figure 1). The disorder was observed first on the third 
day of the growth cycle when 18 to 25% of the sprouts became translucent. 
By the fifth day of the growth cycle, 22 to 46% of the sprouts were trans­
lucent (Table 1). 'Oriental' and 'Berken' were the most susceptible to the 
disorder, while 'Junto' and 'Lincoln' were the least susceptible. The oc­
currence of hypocotyl-hook transiucency was greatest among sprouts grown In 
<tom1neralIzed water and half-strength Hoagland's solution without calcium, 
while sprouts grown In half-strength Hoagland's solution with calcium did 
not show any transiucency (Table 2). 
Table 1. Occurrence of hypocotyl-hook transiucency (%) In four cultlvars 
of mungbean sprouts grown In half-strength Hoagland's solution 
without calcium over time 
Time (hours) 
from sowing 'Berken' 
Transiucency {%) 
'Jimbo' 'Lincoln' 'Oriental' 
0 0 0 0 0 
24 0 0 0 0 
48 0 0 0 0 
72 21 19 18 25 
96 38 23 20 40 
120 44 29 22 46 
Comparison of mingbean sprouts with and without translucency. At left, normal sprouts. At 
right, Uie hypocotyl-hw* region first becomes gray to brownish, then becomes water-soaked, 
and, finally. It becomes translucent 
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Table 2. Occurrence of hypocolyl-hook translucency In four cultlvars of 
mungbean sprouts treated with demlneralIzed water and half-
strength Hoagland's solution without and with calcium. Trans­
lucency was recorded at the end of the five-day growth cycle 
Translucency 
in 
Cultiver DemlneralIzed Hoaaland's Hoaoland's 
tMter solution solution (-Ca) (+Ca) 
'Berken' 40.4 ab' 37.8 ab 0 
'Junto' 28.9 be 26.7 be 0 
'Lincoln' 22.2 c 22.2 c 0 
'Oriental 44.4 a 46.7 a 0 
'Means within columns separated by LSD, 5% level. 
Microscopic examination of the affected regions did not show any evi­
dence of fungal Infection; however, nonpathogenic bacteria were associated 
with the affected region. Sections of t!w translucent tissue did not show 
any signs of pathogenic fungal or bacterial growth after two weeks of Incu­
bation on potato dextrose agar. Ttnis, no evidence that the disorder mis 
due to a ^thogen was obtained. Because sprouts grmm In half-strength 
Hoagland's solution with calcium did not exhibit any Iwldence of translu­
cency compared with sprouts grmm In half-strength Hoagland's solution 
without calcium, it seems that translucency of the hypocotyl hook is due to 
calcium deficiency rather than a pathological organism. 
Sprouts grown in half-strength Hoagland's solution without calciimi 
pro<faiced both wrmal and transitent hypocotyl hooks. Elemental analysis 
for calcium of these regions indicated that a normal hook had a slightly 
higher or equal content of calciim compared with that obtained in a 
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translucent hook (Table 3). A significant difference In the calcium con­
tent of a normal versus an affected hook was found only In 'Oriental'. The 
calcliffii content of hypocotyl hooks of sprouts grown in half-strength Hoag-
land's solution without calcium was significantly lower than the calcium 
content of those grown In half-strength Hoagland's solution with calcium. 
Even though the differences In calcium level between normal and affected 
hooks of sprouts grown In half-strength Hoagland's solution without cal­
cium were not statistically significant under these experimental condi­
tions, the differences were sufficient to cause transiucency. 
Table 3. Elemental analysis of normal and translucent hypocotyl-hook re­
gions of four cuUivars of mm^an sprouts grmm in Hoagland's 
solution with and without calciun 
Element concentration (% of d^ weight) 
Cultivar Calcium Magnesium Potassium 
'Berken* +Ca Normal Hook 0.041 a' 0.16 2.74 
-Ca Normal Hook 0.012 b 0.19 3.24 
-Ca Translucent Hook 0.004 b 0.21 2.91 
+Ca Normal Hook 0.059 a 0.17 3.28 
-Ca Normal Hook 0.017 b 0.19 2.97 
-Ca Translucent Hook 0.017 b 0.19 2.64 
•Lincoln' +Ca Normal Itook 0.052 a 0.16 3.26 
-Ca Normal Hook 0.010 b 0.19 3.54 
-Ca Translucent Hook 0.006 b 0.19 3.10 
'Oriental' +Ca Normal Hook 0.073 a 0.19 3.47 
-Ca Normal Hook 0.020 b 0.20 3.38 
-Ca Translucent Hook 0.005 c 0.21 3.02 
HSf NS 
^Means of calcium within a cultivar separated by LSD, S% level. 
^Not significantly different. 
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Analysis for magnesium and potassium of the hypocotyl-hook regions 
Indicated that these two elements did not vary significantly between normal 
and affected hooks (Table 3). These data suggest that a low calcium con­
tent may be the cause of the transiucency. 
A stu<*y of the calclwn distribution In the entire sprout showed that, 
for some sprouts treated with half-strength Hoagland's solution with cal­
cium. regardless of cultlvar, the or^n with the highest calcium content 
was the root followed by the cotyledon, the hypocotyl* and then the hypo-
cotyl hook (Table 4). These calcltm contents from the different organs, 
however, were not significantly different from one organ to another. In 
addition, this trend of greatest to least calcium content In relation to 
the organ was not always the same for sprouts not treated with calclwi. 
TNis, no really conclusive data were obtained for the relationship of organ 
to calclim content. 
In general, transiucency seemed to decrease with an increase In cal­
cium content of the unsprouted seed (Table 5). However, this Inverse re­
lationship was rat significant (Table 6). On the other hand, cultivars 
with a significantly longer hypocotyl length had a significantly higher 
incidence of translixency, and the data indicate that transiucency was cor­
related positively with hypocotyl length of the sprouts (r » 0.77) (Tables 
5 and 6). Also, transiucency was negatively and significantly correlated 
with seed size (r= -0.77). These data indicate that cultivars exhibiting 
more hypocotyl-hook transiucency should have a longer hypocotyl length and 
a smaller seed size. Indeed, this is the case, as shown for the four cul­
tivars used in this research (Table 5). 
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Table 4. Calcium content of different organs of four cultlvars of normal 
or translucent mungbean sprouts grown In half-strengh Hoagland's 
solution with and without calcium 
Calcium content {% of dry weight) 
Cultlvar Hook Root Cotyledon Kypocotyl Hook 
'Berken' •Ca 
-Ca 
-Ca 
Normal 
Normal 
Translucent 
0.223 
0.082 
0.066 
a^ 
a 
a 
0.081 
0.040 
0.004 
b 
be 
b 
0.072 
0.068 
0.035 
be 
ab 
ab 
0.041 c 
0.012 c 
0.004 b 
'Junto' +Ca 
-Ca 
-Ca 
Normal 
Normal 
Translucent 
0.206 
0.113 
0.015 
a 
a 
a 
0.102 
0.067 
0.027 
b 
b 
a 
0.076 
0.055 
0.027 
be 
b 
a 
0.059 c 
0.017 c 
0.017 a 
•Lincoln' +Ca 
-Ca 
-Ca 
Normal 
Normal 
Translucent 
0.180 
0.156 
0.041 
a 
a 
a 
0.083 
0.010 
0.038 
b 
b 
a 
0.076 
0.026 
0.024 
b 
b 
a 
0.052 b 
0.010 b 
0.006 a 
'Oriental' 4Ca 
-Ca 
-Ca 
Normal 
Normal 
Translucent 
0.201 
0.110 
0.060 
a 
a 
a 
0.098 
0.042 
0.033 
b 
b 
ab 
0.074 
0.057 
0.022 
b 
b 
b 
0.073 b 
0.020 b 
0.005 b 
Mean •Ca 
-Ca 
"Ca 
Normal 
Normal 
Translucent 
0.203 
0.115 
0.046 
a 
a 
a 
0.091 
0.040 
0.026 
b 
b 
b 
0.075 
0.052 
0.027 
b 
b 
b 
0.056 b 
0.015 b 
0.008 b 
^Normal sprouts showed no Incidence of hypocotyl-hook trans!ucency. 
^Mèans within a cultlvar, within a hook condition, between organs 
separated by ISO, 5% level. 
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Table 5. Relationship of hypocotyl-hook translucency. hiypocotyl length, 
seed size» and seed calcium content of four cultlvars of mung-
beans' 
Cultiver Translucency (%) Hiypocotyl ^length Seed slze^ (mg/seed) Calcium (wg/seed) 
'Berken' 42.24 ab* 122.00 a 47.68 b 26.00 ab 
'Jumbo' 26.68 be 100.67 b 51.00 b 35.10 a 
•Lincoln' 20.01 c 108.00 b 55.33 a 28.77 ab 
'Oriental' 48.gi a 123.67 a 36.67 c 22.42 b 
'Translucency and hypocotyl length taken from five-day-old sprouts. 
Mean of 45 sprouts. 
^Expressed from might of 100 seeds. 
*M»an separation «rfthln columns by LSD, 5% level. 
Table 6. Correlation coefficients of the relationship of several selected 
parameters to hypocotyl-hook translucency 
Variable Translucency Seed size Hypocotyl length (%) (mg/seed) (na) 
Calcium (ug/seed) -0,27 NS' 0.26 MS -0.64*^ 
Translucency {%) -0.77** 0.77** 
Seed size (mg/seed) -0.78** 
'Not significant. 
^Significant at the S% (*) and 1% (**) level. 
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Because 'Berken* and 'Oriental' exhibited the highest Incidence of 
transiucency (Table 1), they were evaluated further for their response to 
several levels of calcium added to the Irrigation water used for sprout 
production. Calcium was applied as both calcium nitrate and calcium chlo­
ride. Translucent hooks were observed only when the level of applied cal­
cium was less than SO mg/1Iter (Table 7). Except for the untreated control 
(0 mg/llter) for 'Oriental', more translucent hypocotyl hooks were observed 
when calcium chloride was used as the source of calcium rather than calcium 
nitrate. The differences, however, were not always significant, and both 
sources of calcium corrected the deficiency problem when the level applied 
was greater than 50 mg/llter of calcium. 
Table 7. Occurrence of hypocotyl-Nrak transi ucency In two mungbean sprout 
cultlvars as affected by the source and level of calcium In the 
Irrigation water 
Calcium content 
'Berken* 
Transiucency {%) 
'Oriental WK 9rr 
water (mg/11ter) Calcium nitrate Calcium chloride 
Calcium 
nitrate 
Calcium 
chloride 
0 40 b^ 47 ab 49 a 40 b 
5 15 b 33 a 15 b 29 a 
15 11 b 22 a 11 b 20 a 
25 7 b 18 a 9 b 13 ab 
35 3 b 12 a 5 ab 7 ab 
45 0 0 3 0 
50 0 0 0 0 
75 0 0 0 0 
100 0 0 0 0 
200 0 0 0 0 
'Mean separation within rows by LSD, 5% level. 
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DISCUSSION 
The results of this research showed that the water-soaked lesion, or 
translucent hypocotyl-hook region, of dark-grown mungbean sprouts was due 
to calcium deficiency. Sprouts grown In half-strength Hoagland's solution 
without calcium produced up to 47% translucent seedlings compared with 0% 
In half-strength Hoagland's solution with calcium (Table 2). Tissue analy­
sis of affected hypocotyT hooks grown In half-strength Hoagland's solution 
without calcium and normal sprouts grown In half-strength Hoagland's solu­
tion with calcium showed significant differences In calcium content between 
the translucent and normal hypocotyl hooks (Table 4). However, only 
'Oriental' had a significantly different calclun level when the difference 
between affected and normal sprouts both treated with half-strength Hoag­
land's solution without calcium was (^served. 
Both potassium and magnesium did not vary significantly between the 
translucent and normal hypocotyl hook, and this suggests that low calcium 
may be the cause of the disorder. In addition, this disorder was not as­
sociated with a pathogenic organism. These results support previous work 
on p. vutgarts (4, 13, 14) and P. aureus and V. 8fnen»i» (5, 12). A simi­
lar disorder has been observed in anthurium (6). 
In both normal and affected sprouts, the level of calcium was highest 
In the root, intermediate in the cotyledon and hypocotyl, and lowest in 
the hypocotyl hook (Table 4). Apparently, during the period of early 
growth, most of the calciimi either was in the root already or was translo­
cated from the cotyledon to the emerging radicle. It was from the root 
that the calciimi was further retranslocated to other growing parts. 
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especially the hypocotyl and hypocotyT hook. Because mungbean sprouts 
normally are grown in the dark and their growth Is rapid and elongated, the 
supply of calclim may not be sufficient for support of the rapid growth 
of the hypocotyl. Because the hypocotyl hook Is the region that Is most 
active In cell division and elongation, the Inadequate retranslocatlon of 
calcium Is observed most easily at that point. Ultimately, the expression 
of this Inadequate retranslocatlon of calcium manifests Itself as the 
water-soaked lesion or translucent hypocotyl hook of the sprout. 
Research on the role of calcium In the shoot apex of barliy indicated 
that calcium Is essential for the maintenance of structural Integrity of 
cell membranes (9, 10) and that It Is an Important component of the Ca-
pectate present In the cell walls (2, 3, 10). The present data suggest 
that the Immobility of calclun and Its failure to be retranslocated from 
the older to the growing plant organs (1, 2, 3, 4, 8, 9) of the sprouts re­
sulted in the water-soaked lesion of the hypocotyl-hook. This agrees with 
the findings of Burstrom, %*o found that the growth of the second internode 
of pea seedlings growt in a nutrient solution deficient in calcium was re­
tarded, whereas the first internode i#s normal (2), 
The loss of calcium through leaching during imbibition (11, 14) makes 
it necessary to supply calcium in the irrigation water (4, 5, 11, 14). The 
present data show that an external level of calcium greater than 50 mg/ 
1 iter in the irrigation water is adequate for normal hypocotyl hook growth 
of sprouts (Table 7). From the negative association obtained between 
transiucency and seed size (Table 6), a seed breeder possibly could make 
selections for larger seeds that would produce more normal seeds for 
sprouting. 
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The results of this study showed that the water-soaked lesion of the 
hypocotyl hook of mungbean sprouts was due to a deficiency of calcium In­
stead of a pathogen. The content of calcium In the seed was not found to 
be related to the occurrence of the disorder. However, the hypocotyl 
length was found to be positively correlated to the disorder, and this In­
dicates that sprouts with longer hypocotyls are more prone to the disorder. 
Perhaps, the longer hypocotyl length made It more difficult for the cal­
cium to be mobilized and retranslocated from the root to the actively 
growing hypocotyl hook. Seed size was negatively correlated to the oc­
currence of trans!ucency, and this could mean that breeding for larger 
seeds would help to correct the transi ucency problem. From a sprout pro­
duction point of view. Increasing the levels of calcium to greater than 50 
mg/11ter would overcome the occurrence of translucency regardless of 
whether or not the disorder was solved by brewing and selection of suit­
able cultlvars. 
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SECTION II. GROWm PARAMETERS OF WNGBEAN 
(VJGNA RADIATA (L.) WILCZEK) 
SPROUTS DURING PRODUCTION 
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INTRODUCTION 
MWngbean sprouts are five- to six-day-old seedlings that are germi­
nated In the dark so that they retain their bleached-white appearance. As 
Is typical of etiolated seedlings, they have a long, thin Kypocotyl and 
root, and these characteristics make them undesirable to the consumer. In 
mar\y cases, the main selection criteria for mungbean sprout quality are 
the proper length of Its hypocotyl (50 to 60 nn) and roots (less than 20 to 
30 mm). In addition, sprouts should have a desirable hypocotyl diameter 
(greater than 3 mm) and fresh weight. In order to Improve mungbean qual­
ity, an understanding of these growth phenomena related to their produc­
tion Is needed. 
Knowledge pertaining to sprout growth, as measured by hypocotyl and 
root length, hypocotyl diameter, and fresh weight as a function of time, 
would expedite Improvements In mungbean sprout production. Also, knowl­
edge of the respiratory activity of the sprmits during production would be 
useful. Unfortunately, most of the research on mungbean sprout production 
made either little or no attempt to establish these growth phenomena (1, 
5, 9, 15). Only one studjy reported that hypocotyl growth as a function of 
time followed a sigmoid pattern (17). 
The objectives of this research were: 1) to determine the growth pat­
t e r n s  o f  s e v e r a l  c u l t l v a r s  o f  m u n g b e a n  s p r o u t s  a s  a  f u n c t i o n  o f  t i m e ;  2 )  
to determine the respiratory activity and ethyleiw (CzH») production rate 
of mungbean sprouts during gemination and seedling growth; and 3) to de­
termine the effect of endogenously produced carbon dioxide (CO2) and CzHt 
on the growth of several cultlvars of mungbean sprouts. 
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MATERIALS AND METHODS 
Measurements of Growth, Respiration, 
and Ethylene Production 
The procedures for germinating mungfaean seeds were described In the 
materials and methods portion of Section I of this thesis, and they were 
modified only In that calcium was added to the growth medium as calcium 
chloride at 100 mg Ca/llter and flasks of sprouts grmm for the respi­
ration and C;H* production studies were fitted with either sterile 
foam plugs or rubber septa. Each experiment was replicated three 
times. 
Measurements of hypocotyl length, root length, hypMotyl diameter, and 
fresh weight were taken every 12 hours from the start of germination until 
the 108^** hour. Hypocotyl length was measured from the seedling hook to 
the point where the hypocotyl tapered to form the root. Root length was 
taken from the point Where the hypoco l^ tapered to form the root to the 
end of the root. Hypocotyl diameter was measured at the midpoint of the 
hypocotyl. Length and diameter measurements were made on five sprouts in 
each replication. Fresh weight was determined on all 15 sprouts in each 
replication. 
The relative growth rates (R6R) for hypocotyl length, root length, 
hypocotyl diameter, and root length were calculated using the following 
formula (16): 
tg - tj 
where L^ represents the natural log and and represent the hypocotyl 
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length, root length, hypocotyl diameter, or fresh weight measured on two 
occasions, tj and t2. Curves of total growth and rate of growth for each 
parameter were plotted as a function of time. 
CO) and CaH% measurements were made every 12 hours for a period of 
120 hours from the start of germination. Each flask was flushed with air, 
resealed with a rubber septum, and then allowed to Incubate for 12 hours 
before taking the subsequent gas sample. Gas analyses were accomplished by 
using a Varlan 3700 gas chromatograph with a thermal conductivity detector 
to measure C0% and Oj and a flame Ionization detector to measure CjHi,. 
The Instrument was equipped with two columns: A) 10 cm precolumn of sili­
ca gel to remove water followed by a 183-cm x 0.3«cm column containing 
Chromosorb 106 (60 to M mesh) to separate CO, and C^H*; and B) a 366-cm % 
0.3-cmi column containing molecular sieve SA (45 to 60 mesh) to separate Oj 
and N;, plus 274 cm of empty tubing that delayed the 0% and N, until after 
the CzH* had been quantitéted. Both columns were In parallel, and column A 
was attached to a l-m1 sample loop, while column B was attached to a 100-
y1 sample loop. The Injector, column, flame Ionization detector, and 
thermal conductivity detector temperatures were set at 60, 80, 200, and 
120C, respectively. Flow rates of helium, hydrogen, and air were 30, 29, 
and 300 ml/minute, respectively. COz and CzH* production rates were calcu­
lated and plotted as a function of time. 
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Sprout Response to Endogenously Produced 
CO: @nd CaH% 
Only seeds of the cultiver 'Berken' were used In this experiment, and 
seeds were germinated In the previously described manner. Each rubber-
septum- sealed flask contained an open vial containing 10 ml of: 1) water 
(control)i 2) 0.25 M HgfCIO*); for trapping evolved C;H*; 3) 10% KCH for 
trapping evolved CO*; or 4) 0.25 H HgfClO*)* and 10% KOH In separate vials 
for trapping both C;H% and COj. Seeds were allowed to sprout for five days 
In a growth chamber at 25±1 C, and the experiment was conducted three Inde­
pendent times using a completely randomized design. 
At harvest, lengths of hypocotyls and roots, diameters of hypocotyls, 
and fresh weights of the sprouts were recorded. Data were analyzed by 
analysis of variance, and, when significant differences between treatments 
were found, they were separated by LSD at the 5% level. 
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RESULTS 
The growth pattern of imingbean sprouts in terms of h^pocotyl length, 
root length, and fresh weight exhibited a typical sigmoid curve (Figure 
lA). All four cultivars displayed a similar pattern of growth, and only 
the data for 'Berken' is presented. 
With respect to growth in hypocotyl length, the logarithmic phase oc­
curred during the first 55 hours after sowing, and the rate of growth was 
slow during this period (Figures lA and IB). Then, hiyp<wotyl growth con­
tinued with the linear phase occurring between 55 and 80 hours after sow­
ing. From hour 80 to hour 108, growth continued but at a decreasing rate, 
and the hypocotyl reached Its final length at the end of the growth cycle. 
Root growth In terms of length displayed a sigmoid pattern similar to 
the one obtained for hypocotyl length (Figure lA). The growth rate was ex­
tremely slow during the first 30 hours, and then the growth rate Increased 
rapidly until 40 hours after sowing (Figure IB). Root growth continued to 
Increase but at a rapidly decreasing rate until about 80 hours. At this 
point, the root began a second Increase In growth rate that reached Its 
maximum at about 90 fraurs after sowing. 
GrcMfth In fresh weight displayed a slightly different pattern compared 
with the patterns for hypocotyl and root length (Figure lA). Only the 
linear phase of growth was exhibited, and this phase occurred during the 
first 30 hours of growth (Figure IB). At 30 traurs, the rate of Increase in 
fresh weight rapidly (tecreased, and. eventually, the curve Marly tecame 
level. Another small peak occurred at the 90th hour of growth, and then 
the rate again decreased. 
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Figure 1. Growth curves for hypocotyl length, root length, fresh weight, and hypocotyl diameter of 
*8erken* mungbean sprouts over time (A), and growth rate curves (B) derived fro* data 
in (A) 
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Figure 2. Production rates of CO2 (A) and CzHn (B) from 'Berfcen* nungbean 
sprouts throughout a five-day growth cycle In both a closed (septum) and open (foam plug) system 
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The diameter of the hypocotyl Increased until about the 36th hour of 
growth» when It reached Its maximum of about 2.2 mm (Figure lA). After 36 
hours of the growth cycle» the diameter of the hypocotyl began decreasing» 
until It reached a final diameter of about 1.7 mm. The diameter of the 
hypocotyl (tecreased In a marly linear fashion from hour 36 to hour 108 
(Figures lA and IB). 
Respiratory Activity and CzH» Production 
Production of CO2 by mun^ean sprouts Increased after sowing until 
about the 58th hour of growth In both the closed system (flask fitted with 
rubber septum) and the open system (flask fitted with foam plug) (Figure 
2A). Subsequently» the rate of CO2 production decreased gradually until 
the harvest. The differences between systems In CO2 production rate MIS 
not significantly different from hours 72 to 120 of growth, but the COz 
production rate was larger In the open system compared with the closed 
system. 
CzH* production In the open system followed the same trend as COj pro­
duction (Figure 26). Unlike sprouts grown in the open system, those pro-
<fciced in the closed system exhibited two peaks of CzH» production. The 
first peak occurred around 24 hours and the second peak occurred around 72 
hours after the start of the growth cycle. 
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Sprout Response to Endogenously Produced CO2 and CaH» 
When CO2 and CaH» or CaH* only were scrubbed from the environment In 
which the sprouts were growing, the hypocotyl length of those sprouts was 
significantly longer than the hypocotyl length of sprouts grown In an at­
mosphere In which the CO2 and C2H* or C2H» only were allowed to accumulate 
(Table 1). The hypocotyl length of sprouts grown in an atmosphere In which 
the CO2 was present but the CzH» was removed was reduced by 15%, compared 
with the length of the hypocotyls of sprouts grown In an atmosphere where 
both CO2 and CzHt were removed. On the other hand, when the sprouts were 
grown In an atmosphere In which either both CO2 and CzH» were present or 
only CzH» was present, the hypocotyl length was reduced by 55 and 56%, re­
spectively. Thus, endogenously produced CzHn alone or endogenously pro­
duced CzHt In combination with endo^nously produced CO: reduced the elon­
gation of the hypocotyl. 
Table 1, Effect of removal of endogenously produced CO; and/or CzH» on 
hypocotyl length, root length, hypocotyl diameter, and fresh 
weight of 'Berken* mungbean sprouts 
Treatments 
Hypocotyl 
length (mm) 
Root 
length 
im) 
Hypocotyl 
diameter (BP) 
Fresh 
weight (9) 
CO; and CzH» both removed 132 a' 75 a 1.6 a 4.6 a 
CO; present, CzH» removed 112 b 63 a 1.7 a 4.3 a 
CO2 + CzHt both present 59 c 58 b 2.7 b 4.1 a 
CzHt present 58 c 57 b 2.6 b 4.6 a 
^Mean separation within columns by LSD, 5% level. 
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Root length was reduced significantly when accumulated CaH% was pres­
ent regardless of whether or not the COa was removed. Conversely, hypo-
cotyl diameter was Increased significantly when accumulated C:H» was pres­
ent regardless of whether or not the COa was removed. Sprout fresh weight 
was not affected by the presence or absence of either of these gases 
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DISCUSSION 
Growth Patterns 
The overall sigmoid growth curve of mungbean sprouts with respect to 
hypocotyl length» root length» and fresh weight (Figure lA) agrees with 
previous research (17). At first, growth apparently was slow because the 
germinating seeds had fewer cells capable of growth» but the growth con­
tinuously Increased as more cells were formed. This phase often Is re­
garded as the logarithmic phase (19, 20). This logarithmic phase occurred 
during the first 55 and 30 hours for hypocotyl length and root length, 
respectively, of the sprouts. After reaching the end of the logarithmic 
phase, the mungbean sprouts started to grow In a linear fashion, and equal 
Increments of growth of these parameters occurred In equal Intervals of 
time. The lo^ritWc phase was not detectable In the fresh weight growth 
curve, however. The linear phase of growth occurred during the next 30, 
20, and 30 hours of growth for hypocotyl length, root length, and fresh 
weight, respectively. A possible explanation for this constant linear 
phase of growth could be that the hypocotyl and the roots grew by meri-
stems that produced cells that grew mainly in length (20). This increase 
in length contributed to and directly paralleled the increase In fresh 
weight of the sprouts. The final phase of growth of the sprouts was marked 
by a senescence phase, during which the growth rate of the sprouts remained 
constant (Figure IB). At this stage, growth probably decreased, due to 
limitations of space, nutrients, or the accumulation of end predicts (16). 
In contrast, the growth curve for hypocotyl diameter was not sig-
moidal. For the first 36 hours of the growth cycle, the growth curve 
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exhibited a linear Increase In hypocotyl diameter. However, after 36 
hours, the growth of the diameter of the hypocotyl (tecreased until har­
vest (Figures lA and IB). It seemed that the Increases In hypocotyl diame­
ter stopped when the hypocotyl was growing In length during the linear 
phase of hypocotyl length growth. Thus, Increases In hypocotyl length oc­
curred at the expense of an Increase In diameter. This growth pattern for 
hypocotyl diameter (first Increasing, then decreasing) Is not in agreement 
with previous reports on the growth pattern of stem diameter In gymnosperms 
and most dicots (16, ig, 20). Growth In stem diameter has been reported to 
be sigmoldal and to continue at a decreasing rate until well after height 
growth stopped (20). Usually, data for studies on stem diameter growth are 
taken over the entire period of growth. In this case, however, data were 
taken over a period of only five days, and this short Interval of observa­
tion could explain the observed differences in the growth patterns. 
Apparently, growth was not synchronous for all organs of the mungbean 
sprout because the maximum rate of growth for fresh weight and hypocotyl 
diameter were attained earlier than for hypocotyl length and root length 
(Figure IB). Increases in fresh weight closely followed increases in hypo­
cotyl diameter, while root growth reached its mximiM rate earlier than the 
peak rate of growth for hypocotyl length. Growth of the hypocotyl with re­
spect to length was the only parameter that showed an extended period (be­
tween 55 and 80 hours) of maximuB growth (Figures lA and IB), 
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Respiratory Activity and CjH^ Production 
The period of maximum respiratory activity* as measured by the rate of 
CO, production, coincided with the linear phase of sprout growth (Figures 
1 and 2). This seems logical because high rates of respiration normally 
accompany the active development of sprouts that follows the Initial events 
of seed germination. After this period of maximum respiratory activity, CO* 
production continued at a decreasing rate (Figures 1 and 2). The data are 
In agreement with reports on pea (22), barley (7, 11), and sunflower (14) 
seedlings. Because sprouts were grown In continual darkness, the cotyle-
donai7 food reserves became limiting, and this resulted In the gradual de­
cline In the respiratory rate. This result Is similar to the results ob­
tained for other plants (23). 
The physiological changes underlying the drift In respiratory activi­
ty during plant growth have been characterized into the following phases 
(10). Phase 1 can be characterized by a rapid acceleration of CO2 produc­
tion, during which a major part of the respiratory substrates are broken 
down while cellulose and other polysaccharides are formed. Phase 2 per­
mits respiration to rise, but more slowly than in the preceding phase. 
Growth and differentiatim of the onbryo are made possible by the transfer 
of reserves from the cotyledon. Depletion of these reserves is closely as­
sociated with a maximum respiration rate and its subsequent decline. Dur­
ing Phase 3, the respiration rate falls, due to exhaustion of soluble car­
bohydrates in the cotyledon. Then, Phase 4 shoMS a further (tecline in 
respiration rate, due to the almost cwplete exhaustion of soluble carbo­
hydrates. The results of this research correspond to these four phases 
(Figure 2). 
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Despite differences In the respiratory rates between sprouts grown 
In the closed and the open systems (Figure 2)» the pattern of respiration 
was similar In both systems» with the results Indicating that the rate of 
respiration was lower In tfw closed system. Probably» the limited avail­
ability of oxygen In the closed system was the reason for the lower rate 
of respiration (20). 
Results In Figure 2B showed that germinating imingbean seeds produced 
C:H%. However, the rate of CzH» production by the germinating mungbean 
seeds growing In the closed and open systems did not follow the same gener­
al pattern. Sprouts grown In the closed system exhibited two peaks of 
production. The first peak occurred at about 24 hours after Imbibi­
tion» while the second peak occurred at about 72 hours. The maximum rate 
of CzH» production In the open system occurred at about 48 hours only. 
Then, production from the sprouts slowly decreased at about 60 and 84 
hours, respectively, for the open and closed systems. Other research has 
shown that germinating oat and pea seedlings also produce two peaks of 
ethylene production (8. 18)» while research on cucumber has show* that they 
prWuce only one peak of ethylene production (21). The different number of 
peaks in the different systems here may have been due to a buildup of CzH» 
that catalytically induced the second peak. Further research must be done 
to clarify this anomaly. 
The ability of mun^an sprouts to evolve CzH* has been shown clearly 
when they exhibited the triple response due to the application of physical 
stress (5, 17) and trapped CzH» (9). Also, the same resfwnse has been re­
ported when sprouts were treated with CzH^-generating chemicals, such as 
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ethephon and 2,4-D (S» 17). It Is ev1(tent from the present research that 
mungbean sprouts could be responsive to the exogenous application of CiH* 
gas Itself. Elevated rates of CzH* production corresponded with the maxi­
mum rates of growth and respiration, and, as such, the application of 
exogenous C;H» gas should be made at this stage of growth (Figures 1 and 
2). This would Insure the maximum Improvement of the quality of the 
sprouts through production of short, thick hypocotyls and virtually no 
roots. Apparently, the endogenous production rate of CzH» In the sprouts 
was not sufficient to Inhibit growth significantly. 
Sprout Response to Endogenously Produced 
CO; and CzH* 
The Inhibitory effect of CgH* on the growth of the hypocotyl was evi­
dent In this experiment, as hypocotyl length was reduced by 56% when com­
pared with sprouts grown in the absence of CjHn (Table 1). Similarly, the 
root length of sprouts grown with CzH* present was decreased significant­
ly (24%). Hmmver, hypocotyl diameter was increased significantly (41%) in 
the presence of CzH*. Previously, C^Hi, has been sN)Mfi to promote radial 
expansion and inhibit longitwfinal increases of cells (5, 9, 17). Thus, 
the findings of this research agree with earlier reports. The inhibitory 
effect of CzH» also was observed in sprouts grown in the presence of both 
CO; and CzH* (Table 1). This conflicts with reports of the antagonistic 
effects of CO2 on CzH» action as observed in petiole epinasty (12, 13), 
hypocotyl elongation (9), and fruit ripening (3, 4). However, recent 
studies stwwed that the effectiveness of COz-inhibited CzHt-induced growth 
retardation could be diminished by increasing the concentration (2, 
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6). It could be that, in the present stu#y, the CaH» level In the growing 
environment was sufficient to offset the anti-CaH% effect of CO*. 
The fresh weight of the sprouts was not affected by the presence or 
absence of 0,%» and CO,, and this agrees with the research of others (9). 
This means that the reduction in length and the increase in diameter of the 
hypocotyl did not affect the fresh weight of the sprouts, but that the 
fresh weight was distributed differently. Thus, treatment of sprouts with 
CaHi, does not reduce weight while it is rediKing the size (length) of the 
sprout. 
The results of the growth pattern data showed that hypocotyl length, 
root length, and fresh weight exhibited sipoid patterns of growth, while. 
In contrast, hypocotyl diameter did not show a sigmoid pattern of growth. 
T*w growth curves obtained in this research provide an instructive descrip­
tion of growth of the mungbean sprout, although they tell virtually nothing 
about the cause or the control steps in the growth cycle of the sprouts 
(19). However, knowledge of the time course of growth Is very Important 
In the application of numerous cultural practices. In addition, the re­
sults of this research can be used for subse<{uent research work on Improv­
ing the quality of mungbean sprouts. 
Interrelationships of Growth Patterns, Respiration, 
and CzH* Production 
The period of maximum respiratory activity coincided with the linear 
phase of overall sprout growth, and this was expected because a high res­
piratory M te normally accompanies the active period of sprout development 
that follows the Initial events of seed germination. The decline in 
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respiratory activity coincided with the decline In overall growth due to 
the depletion of the food reserves In the cotyledons. Because these mung-
bean sprouts were grown in entire darkness, they were not able to photosyn-
thesize their own food» and, therefore, their patterns of growth and res­
piratory activity are controlled directly by their food reserves and are 
interrelated. 
This research showed that mungbean sprouts produce endogenous CgH». 
Hypocotyl length and root length were reduced by 56 and 24%, respectively, 
while hypocotyl diameter was Increased by 41%. Elevated rates of CzH» pro­
duction slightly preceded or corresponded with the maximum rates of growth 
and respiration, and, as such, the application of exogenous CzH» gas during 
this period would produce short, thick hypocotyls and snail roots. 
When allowed to accumulate in the sprout growing area (closed system), 
the endogenously produced CzH* was nearly sufficient for offsetting the 
anti-CzH* effect of t#w accumulated COj. Similarly, when CO; was permitted 
to accumulate without CzH», CO2 inhibited the grwth of the mungbean 
sprouts to an extent similar to the accumulated CzHi» (Table 1). Probably* 
this effect of increased CQz concentration causes a decrease in the rate 
of respiration, and, therefore. It controls the growth of the sprwts. 
Therefore, an elevated C0% level and a slightly elevated CzH» level may be 
able to control respiration and the ultimate growth pattern of the sprouts, 
and this should lead to the production of higher quality mungbean sprouts. 
From this research. It Is apparent that mungbean sprouts produced un­
der these conditions required more CgH* and CO; than was produced endoge­
nously by the sprouts. Thus, high-quality mungbean sprouts can be produced 
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only when one or the other of two events take place. First, the container 
size, seed number, etc., are correct for the self-induced, optiim# concen­
trations of CO;, O2, and CaH%. Second, the concentrations of CO*, Oa, 
and CaH% are controlled, from outside the system, to levels sufficient to 
yield optimum quality sprouts. For obvious reasons, this second option 
could be achieved much more easily than the first. 
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SECTION III. EFFECTS OF ATMOSPHERIC CAWON DIOXIDE, OXYGEN, AND 
ETHYLENE ON THE GROWTH AND QUALITY OF MUNGBEAN 
{VICNA RADIATA (L.) WILCZEK) SPROUTS 
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INTRODUCTION 
Nungbean sprouts are produced by germinating seeds Hydroponlcally, 
in the dark, for five to six days. Sprout growth in the dark produces an 
etiolated seedling that usually has a long, thin hypocotyl and root, and, 
to the consumer, they are "stringy.** Thus, there is a great need to im­
prove the quality of sprouts, and this can be accomplished through the 
production of sprouts with short, stout, large-diameter hypocotyls and 
short roots. 
MUngbean sprouts treated with ethylene-generating substances, such 
as 2,4-D, ethephon, ortho-chlorophenoxy acetic acid (0-CAA) and parachlo-
rophenoxy acetic acid (P-CAA), exhibit a "swelling" or increase in the 
diameter of the hypocotyl. At rates varying from 20 to 50 mg/1iter, 2,4-0 
reduces hypocotyl length, root length, and yield 25 to 40, 60, and 10%, 
respectively, and Increases hypocotyl diameter 13 to 50% (6, 7, 10, 11). 
Ethephon reduces sprout growth by 40, 25, and 10%, for hypocotyl length, 
root length, and fresh weight, respectively (6, 11). The other growth 
regulators produced similar reductions in growth and an Increase in diame­
ter of the hypocotyl (7). Normally, these growth regulators are applied 
to mungbean sprouts from 24 to 60 hours after soaking the seeds (6, 10, 
11). 
Other studies have shown that the application of physical stress in­
duces an Increase In the diameter of the hypocotyl and reduces hypocotyl 
and root length, and It was postulated that this physical stress induced 
the production of ethylene (CzH»), which resulted in the above responses 
(6, 11). In a(Wition, the application of CzH* gas at 1 Iter/1 Iter has 
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been reported to produce a similar response (9). The results of this pre­
vious research show that CaH* inhibits elongation and stimulates radial 
swelling of cells of both the roots and the hypocotyl (4, 5, 6, 9). 
Another approach that reportedly improves mungbean sprout quality is 
the regulation of the respiration rate of the seedlings (1). This study 
suggested that seedlings could be Induced to grow slowly so that food 
stored in the cotyledon would not be consumed completely, but that it would 
be translocated slowly to the elongating hypocotyl and be stored there as 
a carbohydrate or consumed In the production of soft, succulent tissue. 
High oxy^n (0,) concentrations and temperatures are unfavorable for the 
production of desirable sprouts because they indite high rates of respira­
tion. TN* results of this study showed that 10% carbon dioxide (CO}) and 
10% 0% produced the best sprouts. 
Although previous research has shorn that CzH» Is the growth regulator 
that proikices the best sprouts. It has not been used widely In research or 
the commercial production of sprouts. Instead, ethylene-generating chemi­
cals, such as ethephon, 2,4-0, and analogs of 2,4-0, such as 0-CM and 
P-CAA, have been used. These CaH^-releasing and CjH^-lnducIng chemicals 
could produce residual effects In the himan body and may be dangerous. 
the other hand, CzH* would be safer because the gas apparently Is metabo­
lized to CO; (2). 
Ideally, combining the best results of these CzH» and respiration 
studies should allow an asswbly of a system that produces high-quality 
sprouts. This could be accomplished by the Introduction of CzH» at the 
correct time, into a controlled-atmosphere system, where the COz 
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concentration Is elevated and the 0, Is reduced. Furthermore, the Inac­
curate regulation and control of the gas mixing system In the earlier re­
port needs to be overcome because that studty did not attempt to verify 
technically the gas composition used (12). The objectives of this study 
were: 1) to Investigate the growth responses of mungbean sprouts to vary­
ing compositions of CO, and 0, In a continuous, flow-through system, and 
2) to determine the effect on mungbean sprout quality of the Introduction 
of CzH* Into the best composition of CO, and 0%. 
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MATERIALS AND METHODS 
'Berken', *Jumbo', 'Lincoln', and 'Oriental' mungbean seeds were 
sprouted In 500 ml Erienmeyer flasks by the same procedures described In 
Section I of this thesis, and they were modified only In that calcium was 
added to the growth medium as calcium chloride at 100 mg calcium/liter. 
After sowing, each flask was closed with a two-holed rubber stopper fitted 
with two glass tubes acting as a gas Inlet and outlet. The sprouts were 
grown for four days at 2SC, and, at harvest, the hypocotyl and root 
lengths, hypocotyl diameter, and fresh weight were recorded. Each experi­
ment was conducted twice, and there were three replications per treatment. 
T*w Individual flasks (replicates) were arranged In a completely random­
ized design. Data were analyzed by analysis of variance and significantly 
different treatments were separated by LSD at thé 5% level. 
A continuous flow of gas of the designated composition (Table 1) was 
passed through each flask. Figure 1 represents the schematic diagram of 
the flow^through system for regulating the gas mixtures. This method for 
mixing gases has been published previously (8, 12, 13), and it was used 
with minor modifications. The flow-through systm was established by cal­
culating the flow needed for each sample, and. based on two air exchan^s 
per hour, a flow rate of 0.31 ml/sec/flask was obtained. From this, a to­
tal flow rate of 3.7 ml/sec/mixture was calculated. A margin of error of 
tl0% of the total volume was allowed for each mixture, and verification 
of the composition of each mixture was done every 24 hours. Gas samples 
for verification were analyzed by gas chromatography, as described in the 
Materials and Methods portion of Section II of this dissertation. 
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Table 1. Desired and obtained gas compositions used for controlled-
environment mungbean sprout production 
Desired Obtained 
gas composition gas composition 
COa Oa 
(%) (%) 
S 5 
5 10 
5 15 
10 5 
10 10 
10 15 
15 5 
15 10 
15 15 
Air 
CzH* (yllter/llter) 
2.5 
5.0 
CO: : 0: 
i%) :  (%) 
4.61 4.55 
5.33 8.97 
5.43 15.57 
10.36 5.50 
10.71 8.95 
10.22 14.75 
15.11 5.44 
13.77 8.98 
15.69 13.45 
0.01 20.98 
CzH* (yliter/1 Iter) 
2.40 
5.31 
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Figure 1. Schematic for flow-thrwigh controlled-atmosphere system utilizing compressed Nz, 0;, COz, 
and C*Ht In Ns 
so 
The particular gas mixture was established at one stage, and the flow 
rate for each of the samples was maintained at the second stage. The de­
sired volume of the gas mixture was provided by mixing appropriate amounts 
of pure nitrogen (N,), 0,, and CO,, and each gas was humidified (H) before 
entering the system. Stable and accurate (±10%) regulation of the gas mix­
tures over a wide range of flow rates was accomplished by the use of a 
barostat tower (B). The effective pressure throughout the first stage of 
the system was adjusted by raising or lowering the gas Inlet tube In the 
barostat. 
For these experiments, the height of the water In the barostat of the 
first stage was adjusted to 110 cm so that the desired pressure was 
achieved. Subsequently, the gases flowed through a manifold (M), and the 
gas passing through each arm of the manifold was metered through a cali­
brated, capillary tube (CT). The gases then left the calibrated capillary 
tube and entered the cross-tee that provided the appropriate amounts of 
COz, Oz, and Mz for each mixture. At this sta^, the effective pressure 
of the mixture was controlled by the use of a second barostat tower 
(B) set at 55 cm. The gas mixture then passed through a second manifold 
(H) and was metered by calibrated capillary tubes (CT) to give the desired 
rate of flow to the individual flasks. Throughout the entire system, con­
stant pressure differences across the capillary tubes were maintained by 
the use of barostat towers (B), 
In the first experiment, nine gas mixtures were used, and they were 
factorial combinations of 5, 10, and 15% CO2, with 5, 10, and 15% Oz with 
the balance being Nz. Each gas mixture entered the manifold and was 
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distributed Into 12 lines with each of the four cultlvars receiving three 
lines (replicates). A similar but separate flow-through system was devel­
oped for air, which was used as the control treatment. 
In the second experiment, four gas mixtures and three cultlvars 
('Berken', 'Jumbo', and 'Lincoln') were used. The gas mixtures were fac­
torial combinations of 5 and 10% CO, with 10 and 15% 0% with the balance 
being N,, and th^ were used In the continuous, flow-through system. The 
sprouts were treated with 2.5 or 5.0 filter CaHn/llter from hour 72 to 
hour 84 of the growth cycle. Selection of the time of application 
was based upon treatment during the period Immediately after the most 
rapid growth In hypocotyl length. I.e., Immediately after the expoiwntlal 
phase of growth as determined In Section II of this thesis. Ethylene at 
2.5 or 5.0 ullter/liter In N; was Introduced Into the system Immediately 
after the gas-mixing cross-tee of the first stage of the system (Figure 1). 
Regulation of the flow rate and pressure of the CzHt-N; mixture was ob­
tained in the same manner used for CO;, 0%, and Ng. The method for pro­
ducing CzH»-Ns mixtures tos been described previously (14). 
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RESULTS 
Carbon Dioxide and (k^en 
In the first experiment, there was no significant effect of cultlvar 
on both hypocotyl and root length of mungbean sprouts when they were ex­
posed to the different compositions of CO, and 0, (Table 2). All four 
cultlvars produced similar hypocotyl and root lengths. The hypocotyl 
diameter of 'Oriental' was significantly smaller compared with the other 
three cultlvars. The four cultlvars showed a significant variation In 
fresh weight. 'Jumbo' had the greatest fresh weight# While 'Berken' and 
'Lincoln' had an Intermediate fresh weight, and 'Oriental' had the smallest 
fresh weight. 
Table 2. Mbln effect of cultlvar on hypocotyl length, root len^h, hypo­
cotyl diameter, and fresh weight of mungbean sprouts In experi­
ment 1. Data are combined for all levels of C0% and 0% 
Cultlvar 
Hypocotyl 
length (mm) 
Root 
length 
Im] 
Hypocotyl 
diameter (mm) 
Fresh 
weight 
'Berken' 43.70 a: 60.28 a 2.14 a 5.67 b 
'Jumbo' 43.52 a 58.57 a 2.19 a 6.33 a 
'Lincoln* 42.68 a 60.52 a 2.19 a 5.92 b 
'Oriental' 43.23 a 60.13 a 1.77 b 3.35 c 
^Heans within columns separated by LSD, 5% level. 
The main effects of CO* and 0% on the overall growth of mungbean 
sprouts are shown in Table 3. The hypocotyl length of the sprouts grow in 
air was significantly longer than those grown at an elevated COz 
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concentration. As the level of CO, was increased from 5 to 15%, there was 
a significant decrease In hypocotyl length. The length of roots of the 
sprouts grown In air and In 5% CO, were not significantly different; how­
ever, as the 0): level increased from 5 to 10 to 15%, the root length de­
creased significantly. Sprouts grown in the elevated levels of CO] had 
significantly larger diameters of the hypocotyl compared with sprouts 
grown in air. 
Table 3. Main effects of CO; and 0% on hypocotyl length, root length, 
hypocotyl diameter, and fresh weight of mungbean sprouts in ex­
periment 1. Data are combined for all four cultivars 
Gas 
concentration (%) 
Hypocotyl 
length 
im) 
Root 
length (m) 
Hypocotyl 
diameter (BW) 
Fresh 
CO, 5 53.42 b* 66.06 a 2.08 a 5.44 a 
10 43.40 c 60.15 b 2.05 a 5.37 a 
15 33.03 d 53.42 c 2.09 a 5.34 a 
Oz 5 34.83 d 53.82 b 2.04 b 5.23 b 
10 47.84 b 61.96 a 2.08 a 5.50 a 
15 47.18 b 63.85 a 2.10 a 5.22 b 
Air (control) 65.42 a 68.54 a 2.01 b 5.39 b 
^Means within colimns separated by LSD, 5% level. 
The respwse of the mungbean sprouts to reduced levels of 0% com­
pletely the reverse of the response to CO; (Table 3). As the 0% content 
in the atmosphere was redwed frmn 15 to 5%, the hypocotyl length was sig­
nificantly reduced, and sprouts grow In 5% 0% were retarxkd the most. 
The root length also was rei&iced significantly In the 5% 0% environment. 
The growth in rwt length was similar In air and In both the 10 and 15% 
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Ûa. Hypocotyl diameter was significantly larger when the sprout was grown 
in either the 10 or 15% environment. The 10% 0, level produced the great­
est fresh weight of sprouts. 
There were significant CO, x 0, interactions (Table 4). Mien the 
sprouts were grown in 5% CO*, hypocotyl length wes the same when the 0% 
level was 10 to 15%, but it was reduced significantly when the Oa level 
was 5%. A similar response occurred for sprouts grown in 10% COa. Growth 
of the hypocotyl in terms of length was inhibited significantly when the 
Oa level of the environment was reduced to 5% and the COa wes at 5 or 10%. 
However, at the 15% COa level, sprout growth at all three levels of Oa was 
the same. The length of the hypocotyl of sprouts grown in air was signif­
icantly longer than any of the treatments except 5% COa : 15% Oa. 
Table 4. Effects of interactions of COs and Oa on hvpocotyl length, root 
length, hypocotyl diameter, and fresh weight of mundbean sprouts 
in experiment 1. Data are combined for all four cultivars 
% (%) 
Hypocotyl 
length 
W 
Root 
length (wa) 
Hypocotyl 
diameter 
im) 
Fresh 
weight 
5 5 41.08 de' 54.00 cd 2.10 a 5.17 a 
5 10 58.42 b 70.13 ab 2.05 a 5.83 a 
5 15 60.75 ab 74.04 a 2.09 a 5.34 a 
10 5 33.54 f 56.83 bed 2.02 a 5.30 a 
10 10 49.83 c 60.21 abed 2.03 a 5.22 a 
10 15 46.83 cd 63.42 abed 2.09 a 4.98 a 
15 5 29.88 f 50.63 d 2.12 a 5.21 a 
15 10 35.26 ef 55.54 bed 2.03 a 5.47 a 
15 15 33.96 ef 54.08 cd 2.11 a 5.43 a 
Air (control) 65.42 a 68.54 abc 2.01 a 5.39 a 
^Means within columns separated fay LSD. 5% level. 
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The length of the roots of sprouts grown In the different COa-Oa com­
binations was similar for all gas compositions (Table 4). Carbon dioxide 
levels of 5 and 10% In combination with an Oa level of 10 and 15% produced 
slightly longer root lengths compared with a 15% COa level. Also, when 
the Oa level of the growing environment was reduced to 5%, root growth was 
reduced compared with the root growth obtained at 10% air. 
Growth In terms of hypocotyl diameter was not affected significantly 
by the different compositions of gases used In this experiment. Likewise, 
the fresh weight of the sprout also was not affected significantly by the 
different gas compositions. 
Carbon Dioxide, Oxygen, and Ethylene 
The main effect of cultlvar on the overall growth of the mungbean 
sprouts grown In different levels of COa, Oa, and CaH» Is shown In Table 5. 
Basically, the results obtained with respect to cultlvar differences were 
similar to those of the previous experiment. There was no effect of cul­
tlvar on both hypocotyl length and root length. 'Oriental' had the small­
est hypocotyl diameter and the lowest fresh weight compared with the other 
two cultivars. 'JiMbo' produced the greatest fresh weight, while the fresh 
weight of 'Berken' was between the other two cultivars. Sprout hypocotyl 
and root lengths were shorter, hypocotyl diameters were greater, and fresh 
weights were similar when the results of this experiment were compared 
with the results of the previous one (Tables Z and 5). 
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Table 5. Main effect of cultiver on htypocotyl length, root length, hypo-
cotyl diameter, and fresh weight of munahean sprouts in experi­
ment 2. Data are combined for all levels of CO*, 0%, and C%H% 
Cultiver (m) 
Root 
length (mn) 
Hypocotyl 
oiameter (ran) 
Fresh 
wei^ t 
'Berken' 39.56 a' 49.00 a 2.71 a 5.70 b 
'Jumbo' 39.25 a 40.33 a 2.75 a 6.07 a 
'Oriental' 39.08 a 49.96 a 2.42 b 3.41 c 
*Mkan* within columns separated by LSD, 5% level. 
Hypocotyl length, root length, and hypocotyl diameter of the sprouts 
were reduced significantly when the C0% level was increased from 5 to 10%, 
while the fresh weight of the sprouts remained the same at both COz con­
centrations (Table 6). The difference in the hypocotyl length of sprouts 
grown in 10 and 15% 0% was not significant (Table 6). The 10% 0% level of 
the growing environment produced sprouts with significantly shorter roots 
compared with the 15% 0% level. Hypocotyl diameter and fresh weight of 
the sprouts were greater in the 10% Oz concentration compared with the 15% 
0; concentration. 
The introduction of CzH* into tte controlled-atmosphere system, in 
this experiment (Table 6) produced hypocotyls with diameters about 25% 
larger w#%n compared with the earlier experiment (Table 3). Ethylene at a 
rate of 5.0 uliter/1 iter reditfed the hypocotyl length and root length sig­
nificantly compared with 2.5 wliter CzHt/liter (Table 6). The hypocotyl 
diameter of sprouts grown in 2.5 uliter CzH^/liter was signifciantly soall 
er than the diameters of those grow in 5.0 uliter CzH^/liter. Fresh 
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Table 6. Main effects of CO*, Oat and CaH% on hypocotyl length, root 
length, hypocotyl diameter, and fresh weight of mungbean sprouts 
In experiment 2. Data are combined for all three cultlvars 
Hypocotyl 
Gas length 
concentration (mm) 
Root 
length (mm) 
Hypocotyl 
diameter (urn) 
Fresh 
weight 
CO, (I) 5 44.25 a* 55.03 a 2.68 a 5.07 a 
10 34.35 b 43.17 b 2.57 b 5.05 a 
0, (%) 10 40.17 a 46.08 b 2.66 a 5.21 a 
15 38.43 a 52.11 a 2.59 b 4.91 b 
ùaH* 2.5 44.29 a 51.76 a 2.57 b 5.08 a (ul/nter) 5.0 34.31 b 46.43 b 2.68 a 5.05 a 
^Maans within columns separated by LSD, 5% level. 
weight was not affected by the CzH* concentration, and It was similar to 
the fresh weight obtained In the previous expelrment (Table 3). 
There was a significant 0% x Interaction with respect to hypo-
cotyl length and hypocotyl diameter (Table 7). Hypocotyl length was long­
est when the sprouts were grown at the lowest level of both 0; (10%) and 
CzH* (2,5 u1Iter/1Iter). Hypocotyl length was reduced wten the 0% level 
was Increased to 15%, while the CjHi, level remained at 2.5 filter/liter. 
Wien the amount of CzH» was liwreased to 5.0 u1 Iter/1 Iter, there was a 
further reduction in hypocotyl length regardless of the 0% level (Table 7). 
Hypocotyl diameters were the same when the sprouts were grown in 2.5 uliter 
CzHii/liter at 10 and 15% 0% and in 5.0 uliter CzHt/liter at 15% Oz. How­
ever, a significant increase in diameter occurred when the sprmits were 
grown in 5 wllter CzHt/liter at 10% Oz. Root length and fresh weight were 
not affected by this Oz x CzH» interaction. 
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Table 7. Effects of Oa and C:H» concentrations on Hypocotyl length and 
hypocotyl diameter of mungbean sprouts In experiment 2. Data are 
combined for all three cultlvars and both CO2 concentrations 
Kypocotyl Kypocotyl 
Oa CaH% length diameter {%) (ul Iter/1 Iter) (mm) (tmi) 
10 2.5 47.ig a^ 2.58 b 
10 5.0 33.14 c 2.74 a 
15 2.5 41.39 b 2.56 b 
15 5.0 35.47 c 2.62 b 
^Haans within columns separated by LSD, 5% level. 
There was a significant COa x Oa x CaH» Interaction effect on hypo-
co l^ length and hypocotyl diameter In the second experiment (Table 8). 
For all possible combWtlons of Oa and CaHt, hypocotyl length was signif­
icantly longer at 5% COa than at 10% COa, except for sprouts grown In 10% 
COa, 10% Oa, and 2.5 ullter CaHt/llter. In contrast to the hypocotyl 
length response, hypocotyl diameter was significantly larger for sprouts 
grown In all possible combinations of Oa and CaH% at 10% COa compared with 
5% COa, except for sprouts grown In 5% COa, 10% Oa, and 5.0 ullter CaH»/ 
liter, and 5% COs, 15% Oa, and 5.0 ullter CaWt/llter. Although iwt clear­
ly definitive, root length was longer at 5% COa than it was at 10% COa. 
Fresh weight was not affected by any of the possible coofcinations of gases. 
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Table 8. Effects of CO*, O2» and CaH» on hypocotyl length, root length, 
hypocotyl diameter, and fresh weight of mungbean sprouts In ex­
periment 2. Data are combined for all three cultlvars 
6as concentrations Hypocotyl Root Hypocotyl Fresh 
CO) Oa CaHk length length diameter weight (%) (%) (wHter/ (m) {m) 
liter/ 
5 10 2.5 46.61 abc' 55.94 ab 2.49 d 4.68 a 
5 10 5.0 37.67 d 44.33 cd 2.75 a 4.98 a 
5 15 2.5 51.72 a 62.61 a 2.49 d 5.13 a 
5 15 5.0 41.00 cd 57.22 ab 2.55 cd 5.41 a 
10 10 2.5 47.78 ab 43.22 cd 2.67 ab 5.26 a 
10 10 5.0 28.61 e 40.83 d 2.73 ab 4.75 a 
10 15 2.5 31.06 e 45.28 Cd 2.63 be 5.24 a 
10 15 5.0 29.94 e 43.33 cd 2.70 ab 5.04 a 
Air 2.5 52.06 a 58.78 a 2.38 e 5.04 a 
Air 5.0 44.83 be 50.50 be 2.54 cd 5.10 a 
'ifBans within columns separated by ISO, 5% level. 
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DISCUSSION 
The results of the first experiment suggested that there is a certain 
relationship between the effects of CO, and 0, on the overall growth of 
the mungbean sprout. An atmosphere of 5 to 10% CO, in combination with 10 
to 15% 0% produced sprouts of the desired range for Kypocotyl length (SO 
to 60 mm) (Table 4). Unfortunately, these combinations of COa and 0; 
failed to produce the desired root length and hypocotyl diameter. The 
ranges for root length and hypcootyl diameter were 56 to 74 ran and 2.02 to 
2.09 mn» respectively, and these do not compare well with the desired 
ranges of less than 30 ran and greater than 3 ram, respectively. Increases 
in the concentration of C0% or decreases in the concentration of 0% pro­
duced sprouts with hypocotyl lengths that were too small and root lengths 
that still were too large. TNis, a gas mixture containing greater than 5 
to 10% C0% and 10 to 15% 0% w(Hj1d produce the desired hypocotyl length, but 
it would not produce the desired root length and hypocotyl diameter. These 
results seem to contradict an earlier report that excellent-quality sprouts 
could be prodwed In an atmosphere containing 10% CO; and 10% 0% (1). How­
ever, the grading system used In the previous research (1) was very quali­
tative. In that research report, sprouts were designated as "very excel­
lent," "slender," "spindly," "plump," "rooty," or "very poor," and, be­
cause of these subjective classifications. It was difficult to compare the 
characteristics of the sprouts produced during this research project with 
those produced In the earlier work. 
The controlled-atmosphere system used In this research reduced the 
overall growth of mUngbean sprouts compared with the growth of sprouts 
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produced In air (Table 4)# and the results of this research show that hlgh-
er-than-norml levels of CO; and reduced levels of 0, (compared with air) 
regulated the rate of respiration of the sprouts, and, ultimately, their 
growth. Even though overall sprout growth was reduced, the slight reduc­
tions In root and hypocotyl length and the absence of a clear response in 
terms of hypocotyl diameter and fresh weight causes one to question the 
merit of using these gas combinations in the production of a desirable 
mungbean sprout. It may be easier and more commercially feasible to ad­
just the concentration of in air rather tluin attempting to adjust the 
CO; and 0% concentrations. 
In the second experiment, CjH^ was introduced Into the system, and 
the levels of C0% and 0, were maintained at 5 and 10% and 10 and 15%, re­
spectively. All CO; concentrations of 15% and all 0% concentrations of 5%, 
regardless of the concentrations of the other gases, were eliminated from 
testing in the second experiment because these levels of CO; and 0% pro­
duced sprouts too stunted in growth (Table 3). From the results in Table 
7, it is evident that CzH», in combination with either 10 or 15% Oz, in­
hibited the growth of tlw hypocotyl in term of length while stimulating 
the radial expansion of the hypocotyl (compare with Tables 3 and 4). This 
is in agreement with the findings of previous research (6, 9, 11). In 
addition, neither root length nor fresh weight was affected significantly. 
From the significant interaction effect of CO; x 0% x CzH» (Table 8), 
it can be concluded that, when sprouts are proàjced in environments con­
taining about 5% COz, 2.5 to 5.0 uliter C^H^/liter, and 10 to 15% 0;, the 
desired hypocotyl length and diameter of the sprouts nearly is obtained. 
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This response to CaH» is in accordance with a previous study that reported 
that the antl-C^H^ effect of elevated CO, concentrations disappeared when 
the CaH* concentration was increased to 2 uliter CjH^/liter (3). The rea­
son for a further significant decrease in hypocotyl length of sprouts 
treated with 10% CO, MIS not understood (Table 8), except that a concen­
tration of 10% COa probably reduced the respiration rate, and, therefore, 
reduced the growth of the sprout. 
The introduction of CzH» into the air in which the sprouts were pro­
duced also reduced the growth of the sprouts to an extent similar to pro­
duction at higher-than-normi CO; levels and lower-than-normal 0% levels. 
It is evident from Table 8 that CzH# at a rate of 2.5 ylIter/1 iter in air 
pro<hiced the desi red hypocoty l  length,  tHi t  that  the hypocoty l  d iameter  ms 
significantly smller than Wien 5.0 filter CjH^/liter was used. Thus, un­
der these conditions, the level of CzH» In air must be doubled In order to 
pro*fce a sprout diameter similar to those grown in elevated CO* and re­
duced 0% levels. Selection for a larger hypocotyl diameter would be at 
the expense of producing a shorter sprout, because the 5.0 ullter CzH*/ 
liter In air treatment significantly reduced hypocotyl length (Table 8), 
In both air and the gas mixtures, exogenous CzH» still did not pro-
Aice shorter sprout roots as has been reported previously (6, 9, 11). 
This may have been caused by a late time of application of CaH* in this ex­
periment. The selection of the time of CzH* application (72 hours after 
sowing) was based on a prelimianry Investigation (data not presented). 
These experiments showed that, when CzH* was applied earlier than 72 hours 
after sowing, the hypocotyl length was reduced dramatically (to less than 
63 
30 nm). Thus, further research Is needed to determine the critical time 
of CaH» application so that effective Inhibition of root growth could be 
achieved. 
The results of this research suggest that sprout growth can be regu­
lated by using a controlled-atmosphere system. When COa and Oa were used 
at 5 to 10% and 10 to 15%, respectively, a shorter sprout was produced, 
but the sprout still was not desirable because the root length was too 
long and the hypocotyl diameter too small. The use of 5.0 ullter CaH»/ 
liter In these modified atmospheres produced a hypocotyl length similar to 
that obtained from modified atmospheres not containing CaH%, but the CaH% 
Increased the hypocotyl diameter to a desirable size. A similar hypwotyl 
length was obtained when 2.5 ullter CaH^/llter was added to air, but this 
level of CaHt did not significantly Increase hypocotyl diameter. The de­
sired sprout diameter In an air system was obtained only when the 
level was Increased to 5.0 u1Iter/1 Iter. These results suggest that high-
quality sprouts could be produced simply by the Introduction of Cjli^  Into 
air. In the final analysis, different gas mixtures alone or In combina­
tion with CaHk still did not yield t*% desired sprout. Because root growth 
was not reduced w#wn CzH» was applied on the third day of the growth cycle, 
further research is needed to determine the critical time of CzH» applica­
tion into the modified atmosphere or air. Regardless of the gas composi­
tion treatment, sprout fresh weight remained constant, and the conclusion 
to be drawn frw# that result is that the sprout reapportions its growth ac­
cording to its envirrnimental constraints. In addition, all cultivars re­
sponded in a similar manner to the various treatments. 
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GENERAL SUIfMRY AND CONCLUSIONS 
Hypocotyl-hook translucency of mungbean sprouts Is dut to calcium de­
ficiency in the hook region of the Kypocotyl. The disorder was not associ­
ated with any pathogenic organism. Calcium at concentrations greater than 
50 mg/liter (a.1.) in the irrigation water overcame the disorder. Appar­
ently, the amount of calcium in the seed Is not sufficient to maintain the 
rapid growth of mungbean sprouts in the dark. 
The growth of mungbean sprouts followed a typical sigmoid pattern. 
The growth rate of the different organs of the seedling Is not synchronous. 
The growth in terms of hypocotyl diameter and fresh weight occurred at 
about the same time. The maximwi growth in hypocotyl length and root 
length occurred at about 55 to 80 and 36 hours after sowing, respectively. 
The maximw# respiratory rate coincided with the beginning of the period 
of maximum growth rate of the sprouts. MUngbean sprouts produced CzH* en-
dogenwsly. When this CzH* was allowed to accumulate In the growing en­
vironment, the sprouts exhibited a "swelling" or Increase In the hypocotyl 
diameter response to CzH». Accumulation of endof^nously produced CO; pro­
duced a similar resonse. 
A flow-through, controlled-atmosphere system employing 5 to 10% CO; in 
combination with 10 to 15% Oz in the presence or absence of CgH* produced 
sprouts similar to those grow in air containing an elevated (5 witter/ 
liter) CzH* level. Thus, Improvement in the quality of mungbean sprouts 
could be achieved through the introduction of 5 wliter C^H^/liter into the 
air-based atmosphere in which tt^ sprouts are growing. 
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